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Methanediol, or methylene glycol, is a product of the liquid phase reaction of water and
formaldehyde and is a predicted interstellar grain surface species. Detection of this molecule in a hot
core environment would advance the understanding of complex organic chemistry in the interstellar
medium, but its laboratory spectroscopic characterization is a prerequisite for such observational
searches. This theoretical study investigates the unimolecular decomposition of methanediol,
specifically the thermodynamic and kinetic stability of the molecule under typical laboratory and
interstellar conditions. Methanediol was found to be thermodynamically stable at temperatures of
,100 K, which is the characteristic temperature range for interstellar grain mantles. The
infinite-pressure RRKM unimolecular decomposition rate was found to be ,10218 s21 at 300 K,
indicating gas phase kinetic stability for typical laboratory and hot core temperatures. Therefore,
both laboratory studies of and observational searches for this molecule should be feasible. © 2003
American Institute of Physics. @DOI: 10.1063/1.1596392#I. INTRODUCTION
Methanediol, or methylene glycol, has long been
known to be the product of the liquid phase reaction of
water and formaldehyde.1 Analytical studies show that a
5% by weight aqueous solution of formaldehyde is over
80% methanediol.1,2 The formaldehyde partial pressure
above such a solution is 22 Torr,1,3 and it is estimated
that over 3% of this vapor is in the form of methanediol.1,2
No experimental work has been done, however, to verify
that methanediol indeed exists stably in the gas
phase.
Small organic monomers such as methanediol are of
considerable interest to the field of cosmochemistry. Many
oxygen-bearing species, including alcohols, ethers, carboxy-
lic acids, and aldehydes, have been discovered in the inter-
stellar medium,4 and many similar species are predicted
to exist in detectable amounts.5 Methanediol is one of
these species, suspected to form in grain surface reactions
triggered by the UV or cosmic ray processing of ice
a!Author to whom correspondence should be addressed. Electronic mail:
gab@gps.caltech.edu5110021-9606/2003/119(10)/5117/4/$20.00
Downloaded 17 Sep 2012 to 131.215.70.169. Redistribution subject to AIP mantles.5,6 These mantles contain large amounts of water,
and formaldehyde has been shown to be a product of
such processes, having been detected in cold molecular
clouds, protostellar ices, hot core gases, and cometary
comae.5 It is quite likely, then, that methanediol could form
in such an environment.
Observational searches for methanediol should
prove useful in the further understanding the chemistry
of grain surfaces. Such searches should be straightforward
due to the high gas phase abundance predicted for
this species in hot core regions, where the temperature
of a newly formed star heats the grains sufficiently to
evaporate mantle species.7 The primary route for destruction
of methanediol in hot core environments is unimolecular
decomposition, as the low pressure in these regions
significantly decreases the possibility for reaction with
other species. It is expected to be present in amounts
similar to ethanol, or column densities on the order of
1015 cm22. However, such observational searches rely
upon gas phase laboratory spectroscopic characterization
to provide accurate rest frequencies. Molecular beam experi-
ments can be used to similarly eliminate the possibility of7 © 2003 American Institute of Physics
license or copyright; see http://jcp.aip.org/about/rights_and_permissions
5118 J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Kent et al.FIG. 1. Unimolecular decomposition of methanediol. Geometries are from MP2/cc-pVTZ calculations.its reaction with other species in the laboratory. The
gas phase thermodynamic and kinetic stability of this
species must therefore be verified as the first step in its
laboratory investigation.
This work presents a theoretical study that examines the
gas phase stability of methanediol, specifically the unimo-
lecular decomposition of this molecule to monomeric form-
aldehyde and water ~Fig. 1!.
II. COMPUTATIONAL DETAILS
All quantum mechanical calculations presented were
performed using MOLPRO version 2000.1.8–10 Calculations
were done using HF, MP2,11–13 MP4,11–13 CCSD,11–14
CCSD~T!,11–14 and QCI~T!14 with the Dunning double and
triple zeta basis sets, cc-pVDZ15 and cc-pVTZ.15
MP2, MP4, CCSD, CCSD~T!, and QCI~T! calculations
used optimized MP2 geometries while HF calculations
used optimized HF geometries.16–19 Geometries
for cc-pVDZ single point calculations were obtained
using the cc-pVDZ basis; likewise for cc-pVTZ. These
geometries can be found in the supplemental material for
this paper.
A program, written in the python language20 specifically
for the purposes of this study, was used for all thermody-
namic and kinetic calculations. To simulate finite pressures in
the thermodynamic calculations, the ideal gas approximation
is used.
TABLE I. Thermodynamics quantities at standard temperature ~298.15 K!
and pressure ~1 atm! for the unimolecular decomposition of methanediol to
water and formaldehyde ~Fig. 1!.
Method DEel(kJ) DEel1ZPE(kJ) DG(kJ) DH(kJ) DS(J)
HF/cc-pVDZ 55.3 28.7 29.2 36.5 153.4
MP2/cc-pVDZ 56.3 30.1 28.1 38.0 154.5
MP4/cc-pVDZ 50.6 24.6 213.5 32.3 153.6
CCSD/cc-pVDZ 54.7 28.6 29.5 36.4 154.1
CCSD~T!/cc-pVDZ 52.6 27.0 211.0 34.7 153.1
QCI~T!/cc-pVDZ 52.2 26.6 211.4 34.2 153.2
HF/cc-pVTZ 50.4 23.8 213.9 31.5 152.6
MP2/cc-pVTZ 61.7 33.6 24.2 41.2 152.3
MP4/cc-pVTZ 56.8 31.6 26.2 39.0 151.4
CCSD/cc-pVTZ 60.6 34.7 23.3 42.4 153.4
CCSD~T!/cc-pVTZa 59.4 33.8 24.2 41.5 153.1
QCI~T!/cc-pVTZa 59.1 33.5 24.5 41.1 153.2
aVibrational frequencies from cc-pVDZ.Downloaded 17 Sep 2012 to 131.215.70.169. Redistribution subject to AIP III. RESULTS AND DISCUSSION
Calculations of the thermodynamic quantities for the
unimolecular decomposition of methanediol into formalde-
hyde and water ~Table I! show that the decomposition is
entropically driven with a free energy change of between 23
and 27 kJ at standard temperature ~298.15 K! and pressure
~1 atm!. A diagram showing the relative energies of meth-
anediol, the transition state, and the products is shown
in Fig. 2.
At a temperature between 100 and 300 K ~Table II!,
depending on pressure, the decomposition switches from be-
ing spontaneous to nonspontaneous with lower temperatures
being nonspontaneous. Therefore, at low temperatures
~,100 K! methanediol is thermodynamically stable while at
higher temperatures ~.300 K! methanediol decomposes into
formaldehyde and water.
An estimate of an upper bound on the unimolecular
decomposition rate can be calculated using either
RRKM theory at infinite pressure or transition state theory
~TST!. Both theories give the same expression for the
rate, kuni
‘
,
FIG. 2. Relative enthalpies at 0 K (DEel1ZPE) for the decomposition of
methanediol. The electronic energies and vibrational frequencies were
evaluated using QCI~T!/cc-pVTZ and QCI~T!/cc-pVDZ, respectively.license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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kBT
h
qr
‡qv
‡
qrqv
e2Ea /kBT, ~1!
where kB is the Boltzmann constant, h is Planck’s constant,
T is the temperature, Ea is the activation energy, and
qr , qv , qr
‡
, and qv
‡ are the rotational and vibrational
partition functions for methanediol and the transition
state. Table III shows the calculated rates for 300, 500,
and 1000 K. Tunneling of the hydroxyl proton is not ex-
pected due to the anticipated strength of the hydrogen
bond and has therefore not been included in the RRKM
calculations.
Excluding the HF and cc-pVDZ calculations, which are
of lower quality than the other approaches, an upper bound
on the unimolecular decomposition rate of roughly
10222– 10218 s21 at 300 K can be established. Similar
bounds of 1028 – 1026 s21 at 500 K and 103 – 104 s21 at
1000 K can be calculated. These bounds correspond to a
lifetime lower limit of roughly 1010– 1014 yr at 300 K,
1022 – 100 yr at 500 K, and 1024 – 1023 s at 1000 K, indi-
cating that methanediol is kinetically stable at temperatures
&300 K ~Table III!.
The results of this study indicate that the characterization
of methanediol under typical laboratory conditions should be
TABLE II. Temperatures in Kelvin for which DG50 for the unimolecular
decomposition of methanediol to water and formaldehyde ~Fig. 1!.
Method 1026 atm 1024 atm 1022 atm 100 atm
HF/cc-pVDZ 132 155 188 237
MP2/cc-pVDZ 137 161 195 245
MP4/cc-pVDZ 115 136 165 209
CCSD/cc-pVDZ 131 155 187 236
CCSD~T!/cc-pVDZ 125 147 179 225
QCI~T!/cc-pVDZ 123 145 176 222
HF/cc-pVTZ 112 133 162 205
MP2/cc-pVTZ 151 178 215 271
MP4/cc-pVTZ 143 169 204 257
CCSD/cc-pVTZ 155 183 220 276
TABLE III. Activation energy and infinite-pressure RRKM unimolecular-
decomposition rates for methanediol conversion to water and formaldehyde
~Fig. 1!. These rates are an upper bound on the observed rate.
Method Ea(kJ/mol)
kuni‘ (s21)
300 K 500 K 1000 K
HF/cc-pVDZ 241.9 8.8310230 9.1310213 6.4310100
MP2/cc-pVDZ 182.2 2.3310219 1.7310206 9.9310103
MP4/cc-pVDZ 182.0 2.5310219 1.8310206 1.0310104
CCSD/cc-pVDZ 199.2 2.4310222 2.6310208 1.1310103
CCSD~T!/cc-pVDZ 187.6 2.5310220 4.3310207 4.5310103
QCI~T!/cc-pVDZ 186.3 4.3310220 6.1310207 5.5310103
HF/cc-pVTZ 240.5 1.4310229 1.1310212 6.4310100
MP2/cc-pVTZ 179.6 5.8310219 2.7310206 1.1310104
MP4/cc-pVTZa 179.2 7.7310219 3.5310206 1.4310104
CCSD/cc-pVTZa 199.6 2.0310222 2.4310208 1.0310103
CCSD~T!/cc-pVTZa 186.7 3.6310220 5.3310207 5.0310103
QCI~T!/cc-pVTZa 185.4 6.2310220 7.6310207 6.1310103
aVibrational frequencies from cc-pVDZ.Downloaded 17 Sep 2012 to 131.215.70.169. Redistribution subject to AIP straightforward, as it is both thermodynamically and kineti-
cally stable at typical experimental conditions ~300 K,
1025 atm). In addition, methanediol should also be stable in
interstellar hot core environments, where temperatures are
typically between 100 and 300 K and pressures are ,10218
atm. ~See the Supplemental Tables IV–VII.21! Indeed, with a
lifetime lower limit of ;1010 yr compared to the typical hot
core lifetime of ;106 yr, methanediol should be observable
at the abundances predicted by current hot core models.21
Laboratory characterization of the methanediol rota-
tional spectrum is underway. Initial millimeter wavelength
experiments utilize a direct absorption flow cell apparatus,
where the vapor from a 5% by weight aqueous solution of
formaldehyde is being continuously flowed through the cell.
Additional experiments will include microwave studies of
lower energy rotational transitions with a Fabry–Perot cavity
pulsed Fourier transform microwave spectrometer, also
known as a Flygare instrument. The results of these studies
will then be used to guide observational searches.21
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